New synchrotron based studies of the photoelectron ionization spectra (PES) for the isomeric 1-and 2-methyltetrazoles (1-and 2-MeTet) show markedly higher resolution than previous reports. The unusual spectral profiles suggest that considerable overlay of the ionic states occurs for both molecules. Under these circumstances of near degeneracy of two or more ionic states, mutual annihilation of vibrational fine structure occurs, for all except the strongest vibrational states; the PES just reflects the resultants rather than full spectra. Theoretical determination of the adiabatic ionization energies (AIE) proved a challenge; the most successful method was second order Møller-Plesset perturbation theory (MP2). These calculations suggest that the lowest PES bands for both isomers, contain ionization both from lone pair σ-orbitals ( Attempts to study the higher ionic states by EOMIP-CCSD, showed several states of each symmetry are close to degenerate for 1-MeTet in particular. A multi-configuration selfconsistent field (MCSCF) study confirmed the small separation of ionic states, but state switching during the optimization process largely disabled this method.
INTRODUCTION
The azoles are fully conjugated, potentially aromatic, ring systems which contain one or more N-atoms in a 5-membered carbocyclic ring. Azoles occur widely in nature, where diverse examples include biotin (vitamin B7) and nicotine. The pharmacological activity of numerous azoles, 1 has led to major academic and industrial research. Important synthetic products are exemplified by fluconazole (a potent antifungal triazole), and candesartan (an antihypertensive tetrazole). We have previously reported combined PES and VUV spectral studies for several azoles, such as the 1, 2, 3-and 1, 2, 4-triazoles, 2, 3 where three C-H units in the 5-membered ring are replaced by N-atoms. We now extend this study to the 1,2,3,4-tetrazole ring system, 3 where only one C-atom remains in the ring. 4 It has been used in automobile airbags, owing to its facile release of nitrogen gas. 4 Although pentazole derivatives, with 5 N atoms in a ring are known, so far they have exhibited limited interest or utility.
Tetrazole is a mixture of two tautomers, 1 and 2 (R = H), shown in Fig. 1 ; these interconvert in gaseous or solution phases, but NMR spectra of the individual forms have been observed in suitable solvents. 5, 6 The N-CH3 compounds in Fig.1 where R = Me, do not interconvert. We have prepared these to perform an unambiguous study of the individual ring systems 1 and 2. HeI irradiation PES (21.22 eV) of 1 and 2 (R = H) showed the close relationship of tetrazole to the other azoles. CI calculations led to the proposal that mixing of LPN will occur when several are present. 7 The dominance of the 2H-tautomer of tetrazole in the gas phase was later established using HeII radiation (He ++ , 40.82 eV); 8 this minor component in the HeI beam (HeI, 21.22 eV), 8 showed that comparison of the PES spectral profiles of tetrazole itself with those of 1-MeTet and 2-MeTet (Fig. 1 , R = Me) was unambiguous. 8 Later, configuration interaction (CI) studies supported this conclusion. 9 We now report a synchrotron based highresolution PES, in Fig.3 , which shows significant fine structure. The experimental study is accompanied by a detailed theoretical analysis using high-level ab initio studies, following our recent work on mono-halogenobenzenes (C6H5X, where X = F, Cl, Br and I) and CH2F2. 10, 11 
II. EXPERIMENTAL AND COMPUTATIONAL PROCEDURES
(a) Synthesis. The structurally secure synthesis of both 1-and 2-MeTet, and their spectral identification by nuclear magnetic resonance (NMR) are described in the supplementary material as SM1.
(b) Photoelectron spectral studies of 1-MeTet and 2-MeTet. These were obtained at the Gas Phase Photoemission beam line of the Elettra synchrotron, as described previously.
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MeTet vapour was expanded under vacuum close to its melting point. The higher vapour pressure of 2-MeTet enabled use of a simple gas line at room temperature. The irradiation energy for the main study was 30 eV; this leads to an overall energy resolution of 11 meV (89 cm -1 ). The spectral range from 7.767 to 15.578 eV contains 7992 data points with a spacing of 1 meV. A wider energy range from 7.767 to 39.937 eV was recorded using a beam energy of 95 eV; this had overall resolution better than 30 meV, while the 3400 data points had a spacing of 10 meV. Comparison of the two PES spectra for the low ionization energy range are shown in Fig. 3 . The wide scans are shown in the supplementary material as SM2. Throughout this paper, PES and electronic origins are described in electron volt (eV) units; all vibration frequencies are in units of cm -1 .
(c) Theoretical methods for AIE. The calculated sequence by symmetry of the theoretical adiabatic ionization energy (AIE) proved difficult to determine. The principal results described here used second order Moller-Plesset (MP2) perturbation theory in GAUSSIAN-09 (G-09) 12 and GAMESS-UK. 13 An important aspect using GAMESS-UK is the particular implementation of 'level shifting' in order to obtain convergence in selfconsistent field (SCF) calculations. The level shifting, 14, 15 written for the ATMOL suite, allows interactions between the doubly occupied and partially occupied MOs, and the occupied with virtual orbital interactions to be treated separately. This assists both SCF and MP2 calculations of higher ionic states to be obtained; normally, without this level shifting procedure, attempts by switching the singly occupied MO would lead to the higher energy state collapsing to the lowest energy state. Here we found that two highest states of each symmetry were evaluated with the 1-MeTet system. Unfortunately, with 2-MeTet we were only able to obtain the first root of each symmetry. [16] [17] [18] in the CFOUR suite, 19 and multi-configuration self-consistent field (MCSCF) in MOLPRO. 20 In both these methods, the lowest state of each symmetry proceeded normally. However, attempts to select higher roots led to state switching during structural optimization. Very small energy separations occur between ionic states of either symmetry ( Table I . (f) Basis sets. The augmented-correlation consistent triple zeta valence with polarisation (augcc-pVTZ) basis sets were used for both MP2 and EOMIP-CCSD calculations. 22 The Ahlrichs Group default series 2, triple zeta valence with polarisation (def2-TZVP) basis sets 23, 24 were used in G-09 and MOLPRO. The lowest group of 4 MOs for 1-MeTet, shown in Fig. 4 , confirm the molecular orbital (MO) interactions between the LPN, predicted in our previous studies. 7, 8, 9 The highest group of occupied MOs for the 2-MeTet series is shown in the supplementary material under SM5.
B. The calculated ionic state sequences for 1-and 2-MeTet by AIE and VIE methods.
All conjugated 5-membered ring heterocycles including 1-and 2-MeTet, have a 6π-electron ring system with an additional 2π-electrons from the antisymmetric MOs of the CH2 group.
The latter occur at higher energy and are largely independent of the 6π set. 7, 8, 9, 31 The 6π-electron system is analogous to benzene, The ionic state sequence for tetrazole ( Fig.1, R=H) by extensive CI at the equilibrium structures, 9 has shown that 2H-tetrazole is energetically favorable over the 1H-tautomer. We agree with this assignment for the parent compound.
Both the EOMIP-CCSD and MRD-CI calculations shown in Table I , indicate 4 VIE lie under the PES in the 10 to 12 eV region. The calculated ionic state sequences by symmetry are very similar. Indeed, the two sets of calculated energies show a linear relationship for the data in Table I, . This conclusion is supported by most methods shown in Table I .
Overall, MP2 results in Table I , using the aug-cc-pVTZ basis set functions, gave the most acceptable results for the AIE; the results for the PES analyses below use these values. . This is close to that for an isolated PES peak where our previous studies 10, 11 indicate a FWHM close to 75 cm shows that this state can best be accommodated as shown in Fig. 6 . The agreement between the FC profile and PES experiment is much improved when the FWHM for this state is increased, as we have discussed previously. 10, 11 In a later study of the VUV spectra of these two compounds, we will show that two Rydberg ). Overlay of their vibrational profiles is inevitable, and this near degeneracy is expected to degrade the vibrational structure of both states, as discussed below.
The PES shows doublets near 86000 and 88000 cm states; however, the symmetry sequences differ between the two compounds. The small separations in energy between states of same symmetry lead to state switching during structural optimization; this limits the achievement of calculations at the MCSCF and EOMIP-CCSD levels. Most calculations of this type use energy as their main criterion for state sequence. The current study has a need for an eigenvector following mode where a particular state eigenvector is followed, irrespective of its energy, during the optimization. The present calculations do not give a satisfactory spacing between the observed ionic states when compared with the PES. Fortunately, progress was made using MP2 optimized structures for both first and second ionic states of each symmetry for 1-MeTet.
This was facilitated by careful use of 'level shifting' during the optimizations; however, the same process failed with 2-MeTet. The calculated spectra superimposed in Figs. 5 to 7 are based on MP2 calculations using the aug-cc-pVTZ basis set.
We have previously shown that when two or more IE occur in close proximity, the vibrational patterns expected, although present on the lower energy state, do not occur on the higher energy state. In effect, interference occurs, and residual vibrational structure on the higher state can only be interpreted by major increase in the line width used for the individual vibrations. This line width, described in terms of FWHM, is close to 75 cm -1 for isolated vibrations, but has to be increased to 400 cm -1 or more in the more extreme cases. The overlay of ionic states, exposed in our previous studies of other systems, occurs in a major way here, and produces serious problems for comparison with theoretical envelopes. The PES becomes a skeleton of the strongest vibrations superimposed on a multitude of weak peaks which become a semicontinuum.
Line broadening has become a feature of our investigations of the FC structure in highresolution PES when two or more AIE are close, or even overlay. 10, 11 As in our previous studies, 10, 11 this effect appeared to be unidirectional, since the effect on the lower IE seems relatively small, while much of the structure of the higher IE is destroyed. In the present case, we believe that the PES of 2-MeTet in particular, merely shows the remnants of a mutual destruction of the weaker vibrational state, owing to the near degeneracy.
In this study, we have utilized a VUV Rydberg state to assist simplification of the PES. The reverse occurs more frequently since the PES assignment is frequently simpler, and assists the location of Rydberg states in the VUV. Differences in the quantum defect between two Rydberg states, having nearly degenerate ionizations in the PES, can lead to VUV Rydberg states which are separate. Joint study of both types of spectra can lead to synergy and assist the interpretation of both; this will remove complications which may occur when the two studies are not performed together.
Most analyses from the early years of photoelectron spectroscopy, attempted to correlate apparent vibrations in PES with those in the neutral ground state. 37, 38 The present work, supports our previous conclusions, both for difluoromethane and the halogenobenzenes, that this is simplistic. Apparent 'vibrations' in both the PES and VUV spectra are merely the resultant of super-position of several individual vibrations..
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